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ABSTRACT
Planet Labs PBC currently operates a fleet of 21 high-resolution imaging, Low Earth Orbit (LEO) satellites
called SkySats comprised of both a sun-synchronous constellation and a lower inclination constellation.
Due to their low altitude, operational constraints, and mission-driven requirements on image resolution
and coverage, there is a need to perform routine stationkeeping and occasional constellation reconfiguration
maneuver campaigns for these satellites. The Mission Systems team at Planet is currently implementing
an automated and robust maneuver management system that autonomously plans and executes all SkySat
maneuvers in order to reduce operator workload and improve overall constellation management efficiency.
This paper describes the architecture of this system and how it has been designed to handle heterogeneous
maneuver campaign types under various operational constraints. Finally, results from recent altitude raising
campaigns for both constellations are presented.
to support Planet’s ability to obtain and deliver this
imagery to customers while reducing latency. Flight
Dynamics Operations for SkySats include launch and
commissioning, early orbit operations, as well as
maneuver planning, delivery, and screening, orbit
determination, maneuver reconstruction, propellant
mass bookkeeping, and collision avoidance.4
While the capabilities to perform all these
operations for a single satellite already existed,4 it
was desired to scale these to simultaneously manage
maneuvers for the entire constellation. In an effort
to reduce operator workload, while enabling efficient,
robust, safe, and sustainable space operations, the
Mission Systems Team at Planet identified the need
to develop an automated constellation management
system to plan orbit maintenance maneuvers to
maintain optimal coverage over the globe. For the
past several months, the Mission Systems Team
at Planet has been working on developing such a
system, the workhorse of which we have named
“CampaignPlanner”.
The subsequent sections
describe the architecture of the system as it currently
stands, and shows results from its use in planning a
stationkeeping maneuver campaign for Block 1 and
Block 2 SkySats.

INTRODUCTION
Planet is a Public Benefit Corporation (PBC)
headquartered in San Francisco, California, that
operates the largest fleet of Earth-Imaging satellites,
with a mission to make change visible, accessible, and
actionable. Imagery from Planet’s satellites is used
for a variety of causes, including agriculture, forestry,
drought response, infrastructure monitoring, defense
and intelligence, mapping, as well as science.
Planet has recently been featured in the news
for its imagery being instrumental in monitoring
the Russian invasion of Ukraine, revealing activity
at an underground nuclear site in North Korea,1
monitoring the impact of the volcanic eruption in
Tonga,2 and in reducing and reversing tropical forest
loss.3
Planet operates two different constellations of
Earth-Imaging satellites - the Dove constellation
that consists of over 150 operational 3U CubeSats
providing medium resolution imagery (3-5 meters per
pixel), and the SkySat constellation that consists of
21 mini-refrigerator sized (0.6m x 0.6m x 0.95m)
tasking-based satellites providing high-resolution
(enhanced ortho spatial imagery of up to 50 cm per
pixel) imagery. The SkySat constellation is grouped
into three “blocks”. Block 1 and Block 2 are in
sun-synchronous orbits with a mean altitude of 450
kilometers while the Block 3 satellites are in inclined
orbits with a mean altitude of 400 kilometers.
Numerous entities and teams within Planet work
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AUTOMATION WORKFLOW
A number of systems and autonomous jobs are
linked together to form the maneuver automation
system. These include:
1
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• Mission Control: A cloud based application
that coordinates the interaction of Planet’s
satellites with ground antennas. It is the
source of all truth data, and for each satellite
contains its scheduled activities, onboard files,
and configuration settings. The configuration
settings include stationkeeping target values,
such as target altitude, phasing slots, and
inclination, reference satellite used for phasing
each satellite, maximum maneuver duration,
the latest satellite state files, maneuver data,
and propulsion files. Figure 2 shows a sample
activity timeline for a single satellite as viewed
from Mission Control.

Figure 1 shows the systems level architecture
of the Maneuver Automation System. The focus
of this paper will be on CampaignPlanner, the
stationkeeping algorithm it uses for maneuver
planning, and its interactions with the other systems
in the workflow.

• CampaignPlanner:
The
workhorse
of the maneuver automation system,
CampaignPlanner interacts with Planet’s inhouse astrodynamics libraries to determine
whether a maneuver is needed, plans
maneuvers, evaluates constellation wide close
approaches, and outputs a maneuver plan
consisting of proposed maneuvers for each
satellite.

Figure 1: System Level Architecture

• Maneuver Delivery: A job that creates a
maneuver activity for maneuvers proposed by
CampaignPlanner in Mission Control using a
unique activity identification number, kicks
off an Orbit Determination job, pushes the
Orbit Ephemeris Messages (OEMs) and Orbit
Parameter Messages (OPMs) generated as a
result to Space-Track, and creates a maneuver
reservation activity.

CAMPAIGNPLANNER
CampaignPlanner
uses
unique
satellite
identification numbers (Sat IDs), freeze times, and
burn separation days as inputs. Freeze times are
input to ensure that the system does not plan
maneuvers for a certain period from the start of
a run. This is useful in case certain satellites have
high-priority imaging activities scheduled up to a
given date. The burn separation days variable is used
to define a separation time between two successive
maneuvers. The satellite IDs input parameter is
used to fetch all relevant files, including the latest
states file and maneuver data, and satellite specific
configuration values, that include the stationkeeping
target parameters and maximum maneuver duration,
for each satellite.
CampaignPlanner processes this data, and uses
it to run maneuver campaigns for the specified
satellites. Currently, there are four active campaign
types in CampaignPlanner. These include Relative
Argument of Latitude Stationkeeping, Relative
Longitude Stationkeeping, Altitude Raising, and
Altitude Lowering.
Based on the campaign
type, freeze time, and burn separation days,
CampaignPlanner first assess the validity to
maneuver a satellite by evaluating its current orbit
conditions through a “Maneuver Trigger” function.

• Orbit Determination: A job that runs
multiple times a day on a timer, and also
when triggered by the Maneuver Delivery job to
create a predicted ephemeris file that includes
the maneuver.
• Maneuver Screening: This job fetches
Conjunction Data Messages (CDMs) created
from a maneuver ephemeris, and determines
if the maneuver is safe or not based on our
screening thresholds.
• Maneuver Approver: Checks whether a
maneuver is deemed “safe” by the Maneuver
Screening job, and changes the state of
the maneuver activity from “proposed” to
“requested” based on screening results.
• Maneuver Refresher:
Recomputes a
maneuver that was proposed more than a day
in advance and determines a new maneuver
based on the satellite’s latest state.
Mallik
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Figure 2: Satellite Activity Timeline as viewed in Mission Control
maneuver start time is shifted in minor increments,
and the process is iterated for a fixed number of
maximum iterations until a valid start time is found.
If no valid start time is found, the maneuver is
not planned for that day. The relative longitude
stationkeeping Maneuver Action also works in a
similar way, but instead, computes the ∆V required
based on the altitude change that would phase the
satellite in the correct stationkeeping target slot with
respect to the reference satellite.

Maneuver Trigger
The Maneuver Trigger assesses, on a daily basis,
the need to maneuver a satellite and whether a
maneuver is possible on that day. The possibility to
maneuver on a certain day is based on the following:
1. Blackout Days: Days set by operators on which
a satellite should not maneuver.
2. Burn Frequency Check: A parameter that sets
the time between two consecutive maneuvers.
3. Existing Burn Check: A parameter to check if
a maneuver is already scheduled on a satellite.

Intra
Constellation
Evaluation

4. Stationkeeping Check: This part of the trigger
evaluates the need to maneuver a satellite
based on its campaign type. The need to
maneuver is assessed by checking whether the
reference satellite is at its target mean altitude,
and whether the follower satellites are within
their stationkeeping bounds. If not, it further
assesses if the satellite is phasing into its target
bounds over a finite time-horizon.

Once maneuvers for all satellites are planned,
the satellite states are propagated forward in
time and used to evaluate close approaches
between satellites in the entire constellation.
Close approaches are evaluated by taking into
consideration both miss distance and the Maximum
Probability of Collision (Pc)5 computed using
predicted covariances. Differences in inclination and
RAAN (Right Ascension of the Ascending Node)
between the Block 1 and Block 2 satellites make it
crucial to analyze the evolution of each satellite’s
motion within its own orbital plane relative to
the orbital plane of every other SkySat in the
constellation. For SkySats in the same orbital
plane, differences in argument of latitude provide
a viable metric to assess appropriate and safe
satellite spacing, and this is implicitly done using the
relative longitude stationkeeping method. However,
for satellites in different orbital planes, differences
in argument of latitude do not provide a clear
indication of inter satellite spacing, and while the
relative longitude stationkeeping controller is still
valid in appropriately phasing satellites in different
orbital planes, it is crucial to have a metric that
assess the evolution of the orbital planes. This
can be accomplished by computing the conjunction
anomaly6 for each satellite pair, and using this as

Maneuver Action
Once the Maneuver Trigger returns the need to
maneuver a satellite, the Maneuver Action function
is used to plan the maneuver. For the reference
satellite, the campaign type is set to altitude raising.
The Maneuver Action function for this campaign
type computes the approximate ∆V needed to
reach its target altitude. This ∆V , along with
the maneuver location, is passed into a function
that plans a simple maneuver by first getting the
maneuver duration from the latest thruster trace
data file. This function uses the latest satellite state
to select an optimal burn quaternion based on star
tracker validity. Once the optimal burn quaternion
is returned, the maneuver start time validity is
assessed.
If no valid rotations are found, the
Mallik
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another metric for close approach evaluation and
determining the optimal and safest phasing strategy.

Maneuver Delivery, Screening, and Approval

If the maneuver plan for the constellation is
evaluated to be safe, the proposed maneuvers are
delivered through a maneuver delivery job. The
maneuver delivery job proposes a maneuver activity
that puts a reservation on the satellite starting at
the time of the maneuver activity, so that certain
imaging activities may not get scheduled before the
maneuver has been successfully executed. It also
kicks off an Orbit Determination job that produces
a predicted maneuver ephemeris, that is then fed
into a maneuver screening job. The maneuver
screening job delivers the maneuver ephemeris to
SpaceTrack, and evaluates any Conjunction Data
Messages that are found using this ephemeris to
determine if the maneuver is safe or not, based on our
internal miss-distance and Pc threshold values. Only
if a maneuver is safe, does the proposed maneuver
activity get approved, in which case, the maneuver
is uploaded onto the satellite during the next up-link
contact activity. Figure 2 shows the activity timeline
for a satellite after a maneuver is delivered using
CampaignPlanner, along with the post-maneuver
reservation, which ensures that high-priority imaging
activities are not scheduled until the success of the
maneuver has been evaluated and confirmed.

Figure 3: A Proposed Maneuver Activity

Figure 4: A Requested Maneuver Activity
An operator is able to confirm the state of the
maneuver activity by simply hovering over it in
Mission Control. Figure 3 shows a maneuver that
has been delivered, but is still in proposed state due
to no conjunction screening results being associated
with the maneuver activity. Once screening results
are obtained from SpaceTrack, and the maneuver is
deemed safe based on conjunction thresholds, the
maneuver activity state is automatically updated to
“requested”, as shown in Figure 4, indicating that the
maneuver will be uploaded onto the satellite during
the next uplink activity. Upon successful uplink,
the state is updated to “scheduled”, indicating
the maneuver is successfully uploaded onto the
spacecraft, and will proceed as planned. Once
telemetry is downlinked post maneuver, and the
success of the maneuver is confirmed, the activity
is updated to “executed” as shown in Figure 5.
Mallik

Figure 5: An Executed Maneuver Activity
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RELATIVE LONGITUDE STATIONKEEPING

of the Earth, and a, e, and i are the semi-major
axis, eccentricity, and inclination, respectively, of
the follower satellite’s orbit. Next, the fundamental
interval, λF , is found by8

The Relative Longitude Stationkeeping method
is based on phasing each satellite with respect to a
reference satellite by maintaining a relative longitude
separation at the equator.4 This approach enables
spacing the ground-tracks of the satellites such that
their swaths overlap to some degree, which ensures
better coverage and reduces any access gaps on the
ground.4 This method also allows simultaneously
phasing both Block 1 and Block 2 satellites with
respect to a single reference satellite, since Block 1
and Block 2 are in different orbital planes, which are
depicted in Figure 6.

9
λF “ Pn pωC ´ Ωq

(3)

where ωC is the rotation rate of the Earth, and Pn
is the nodal period, which defines the time between
two successive ascending node passings, and can be
found through8
˜
¸
˙2
ˆ
3
RC
2π 3{2
2
1 ´ J2
p4cospiq ´ 1q .
Pn “ ? a
µC
2
a
(4)
The fundamental interval determines the
longitudinal separation of two consecutive ground
tracks at the equator, and for a sun-synchronous
satellite with a mean altitude of 450km, and
small eccentricity, this value is approximately 23.42
degrees. Next, the difference in equatorial crossing
time, ∆teq , between a satellite and the reference
satellite is found using
∆teq “

ūref
ūM
´ M
n
nref

(5)

where the superscript, ref denotes that the variables
correspond to the reference satellite. The difference
in RAAN, ∆Ω, between the reference and the follower
satellite is then computed by
∆Ω “ Ω ´ Ωref

where the subtraction here denotes the smallest
angular distance between the two angles. Once these
terms are computed, the relative longitude, λrel is
calculated using

Figure 6: A Cesium Visualization of Block 1
and Block 2 SkySat Orbits.
To calculate the relative longitude of any follower
satellite with respect to a reference satellite, the mean
argument of latitude of the follower satellite, ūM ,
which is given by7
ūM “ M ` ω

λrel “

µC
´3
Ω9 “
J2 3{2
2
a

ˆ

RC
ap1 ´ e2 q

˙2
q cos i

∆n
λ9 rel “ ∆Ω9 `
ωC
n

(7)

(8)

where ∆Ω9 is the difference in the RAAN precession
rate of the follower and reference satellite, and ∆n
is the difference in their mean motion. Once the
current relative longitude and relative longitude rate
have been computed, these can be used to compute
the ∆V required to phase the follower satellite into
its target orbit. This is done by first computing the

(2)

where RC is the mean equatorial radius of the
Earth, µC is the standard gravitational parameter
of the Earth, J2 denotes the second zonal harmonic
Mallik

mod p∆Ω ` ∆teq ωC , λF q

where mod denotes the modulus of the two commaseparated values within the brackets, and the relative
longitude drift rate is found using

(1)

is found, where M is the Mean Anomaly and ω is
the Argument of Perigee. The precession rate of
the Right Ascension of the Ascending Node (RAAN),
denoted by Ω9 is then found through the relation8
?

(6)
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target relative longitude rate λ9 target
,
rel
λtarget ´ λrel
λ9 target
“ rel target
rel
∆t

workflow of which is depicted in Figure 7.
(9)

where ∆ttarget is a user defined parameter that sets
the desired time over which the satellite should phase
into its target relative longitude slot. The target
mean motion can then be computed using
ntarget “

nref ωC
9
1 ´ pλ9 target ´ ∆Ωq

(10)

rel

from which, the target semi-major axis can be
computed. The difference in the current semi-major
axis and target semi-major axis for phasing is then
used to compute the ∆V required to phase the
follower satellite into its slot. The time to target
parameter can be varied depending on acceptable
phasing times for different satellites. A smaller
∆ttarget results in a larger ∆V , phasing the satellite
into its slot faster.
However, this can create
undesirable effects, requiring negative ∆V to stop
the satellite from phasing away from its slot due to
large semi-major axis differences. With the current
status of the SkySat fleet, 45 days is the phasing
time duration, and resulted in less drastic relative
longitude drift rates as well as the satellites phasing
into their slots more uniformly.

Figure 7:
Workflow

Post-Maneuver

Processing

Although these jobs are triggered autonomously,
each job can be run manually as well using the
maneuver activity ID or satellite ID, and a look-back
period as inputs. This ensures that any anomalies or
edge cases in the autonomous jobs can be addressed,
while still ensuring that all post-maneuver processing
jobs are run to completion, albeit manually.
RESULTS

POST-MANEUVER PROCESSING
CampaignPlanner
was
used
to
plan
stationkeeping maneuvers on the Block 1 and Block
2 satellites, raising their altitude to 450 kilometers
while phasing them in to pre-determined relative
longitude slots with reference to one of the SkySats,
in this case SkySat s108. Results for this maneuver
campaign are shown in Figures 8-11. Figures 8 and
10 depict the mean altitude and relative longitude
change, respectively, as a result of the phasing
maneuvers simulated by CampaignPlanner. Figures
9 and 11 depict the actual mean altitude and relative
longitude of each satellite generated using postmaneuver states after the maneuvers proposed by
CampaignPlanner between May 17 and May 27
were delivered and executed. We see that each
follower Satellite is either phased or phasing into
one of the appropriate relative longitude slots. It
should be noted that while only a single maneuver
would have been adequate to raise and phase the
SkySats in this scenario, combination maneuvers
were planned at an “optimal” argument of latitude
in the orbit to keep the orbits relatively frozen.4
These results demonstrate the success with which

Once a maneuver is executed, telemetry packages
containing GPS and thruster trace data are extracted
from the next available post-maneuver downlink.
Successful receipt of these packages triggers an orbit
determination job, that runs a non-linear Batch
Least Squares solver and processes the GPS data
to obtain the latest estimates of the spacecraft’s
state.
A maneuver reconstruction job is then
triggered to reconstruct the maneuver and estimate
the actual ∆V that was imparted by the maneuver,
and based on this, estimate the maneuver magnitude
and direction errors. The thruster trace data is
used by a mass-bookkeeping job that uses this
data to estimate the propellant remaining based
on results from the reconstruction job, and also
pressure and temperature data. Estimates of the
propellant remaining, along with uncertainties from
both these methods are combined to update the
mass bookkeeping files, maneuver prediction files,
and thruster trace data, which serve as inputs
for planning subsequent maneuvers. These jobs
comprise the post-maneuver processing pipeline, the
Mallik
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Figure 8: Mean Altitude from CampaingPlanner Simulation

Figure 9: Post Maneuver Mean Altitudes
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Figure 10: Relative Longitude from CampaignPlanner Simulation

Figure 11: Post Maneuver Relative Longitude Trends
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CampaignPlanner is able to plan orbit maintenance
maneuvers for the SkySat fleet.
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